Objectives: To determine the association of amino acid substitutions in PBP3 with b-lactam susceptibility in Haemophilus parainfluenzae.
Introduction
Haemophilus parainfluenzae is part of the normal human microbiota. 1, 2 However, it can cause serious infections such as endocarditis, 3 neonatal sepsis 4 and meningitis. 5 Amino acid substitutions in PBP3 encoded by ftsI and production of b-lactamases can confer resistance to b-lactams in Haemophilus influenzae. 6 Only narrow-spectrum b-lactamases have been identified in H. influenzae, 7, 8 while ESBLs 9 and inhibitorresistant b-lactamases 10 have been documented in clinical strains of H. parainfluenzae. In H. influenzae, the important amino acid substitutions in PBP3 are located close to conserved patterns in the transpeptidase region, namely the Ser-Thr-Val-Lys motif at amino acid positions 327-330, the Ser-Ser-Asn motif at 379-381 and the Lys-Thr-Gly motif at 512-514. 11, 12 The effects of amino acid substitutions in H. influenzae have been examined using site-directed mutagenesis. 13 The N526K substitution increases the MICs of ampicillin and cefotaxime 2-fold. The S385T and L389F further increases the MICs. 13 The PBP3s of H. influenzae and H. parainfluenzae have 83% identity 9 and substitutions are commonly observed at similar positions. In H. parainfluenzae, Asn at position 526 is most often substituted with Ser, rather than Lys. 2, 10, 14 Substitution to His at position 526 has been observed in both species, but is rare. 9, 15 The S385T substitution is also observed in H. parainfluenzae, but not D350N, S357N, M377I and L389F. 2, 9, 10, 14, 16, 17 Recently, transformation of a naturally competent strain of H. parainfluenzae with PCR-amplified ftsI was reported. 16 To clarify further the PBP3-mediated resistance to b-lactams in H. parainfluenzae, we introduced amino acid substitutions at positions Ser-385, Val-511 and Asn-526 using site-directed mutagenesis. Furthermore, recombinants were generated using PCR-amplified ftsI from clinical strains encoding three to eight substitutions in the transpeptidase region of PBP3. 
Materials and methods
Bacterial strains, media and antimicrobial susceptibility testing The b-lactam susceptible H. parainfluenzae strain HK 23 16 was used as a recipient in transformation experiments. Compared with the recipient, donor strains AE-2096513, 14 Hp483, 2 SF3 (ESBL producing) 9 and ATCC 29242 16 encoded three to eight amino acid substitutions in the transpeptidase region of PBP3 (spanning amino acids 266-580 as defined by Ubukata et al. 12 ) (Table S1 , available as Supplementary data at JAC Online). Incubation was performed at 37 C in ambient air (liquid cultures) or supplemented with 5% CO 2 (agar plates). Starving medium was brain heart infusion (BHI) broth; overnight cultures were grown in BHI broth supplemented with Haemophilus test medium supplement (sBHI) (Oxoid Ltd, Basingstoke, UK) with shaking at 130 rpm. Chocolate agar plates containing 0.625 mg/L ampicillin (Sigma-Aldrich) were used for the selection of transformants. MICs of ampicillin, cefuroxime, cefotaxime and ceftriaxone were assessed blindly in triplicate on MuellerHinton agar supplemented with NAD and haemin (MHF; Oxoid) using Etest V R (bioMérieux) and antimicrobial susceptibility was categorized according to EUCAST. 18 Recombinants HK 23_SF3 and HK 23_ATCC 29242 were made in a previous study, 16 HK 23_AE-2096513 and HK 23_Hp483 in the present study.
Site-directed mutagenesis
The ftsI gene plus 729 bp flanking DNA from H. parainfluenzae strain HK 23 was PCR-amplified and blunt-end cloned into the pJET vector using the CloneJET PCR cloning kit (Thermo Scientific). Site-directed mutagenesis was performed using the QuikChange II XL Site-Directed Mutagenesis Kit according to the manufacturer's instructions. Primers used for PCR amplification, sequencing and mutagenesis are listed in Table S2 .
Natural transformation
The ftsI gene plus flanking regions was amplified by PCR from donor strains or mutagenized plasmids and purified using the GeneJet PCR purification kit (Thermo Scientific). An overnight culture of H. parainfluenzae strain HK 23 was added to 100 mL of sBHI and grown to an OD 600nm of 0.3-0.4. Thirty millilitres was pelleted by centrifugation, washed in 30 mL of BHI broth, pelleted and incubated for 100 min under starving conditions in 30 mL of BHI broth. Five microlitres of purified ftsI PCR product was added to 1 mL of competent cells and incubated for 15 min. Two millilitres of sBHI was added and the tube was incubated for 2 h. Competent cells without added DNA served as negative control. Finally, 100 lL of sample and negative control were plated undiluted, and 10 and 100 times diluted on selective agar plates containing 0.625 mg/L ampicillin. Five colonies were subcultured on selective plates and transformation was confirmed by sequencing of ftsI.
Results and discussion Table 1 shows MIC values of four b-lactams for the recipient strain, donor strains and corresponding recombinants. The MIC values for donor strains were higher than the values obtained with the corresponding recombinants, particularly for ampicillin. Potential other mechanisms for b-lactam resistance include alterations in PBPs other than PBP3, decreased permeability to b-lactams and increased expression of an efflux pump. 11, 19 Expression of substituted PBP3 conferred resistance to ampicillin (MIC .1.0 mg/L) except for the PBP3 substitutions of Hp483 (N307A, N526S and A530S). The recombinant HK 23_AE-2096513, which encodes eight substitutions in PBP3, was resistant to third-generation cephalosporins cefotaxime and ceftriaxone (MIC .0.125 mg/L). Thus, PBP3 substitutions were able to confer cephalosporin resistance to H. parainfluenzae, although this required a high number or a critical selection of substitutions. None of the recombinants was resistant to cefuroxime for intravenous administration (MIC Table 1) .
To identify crucial PBP3 substitutions, we searched the literature for inter-relationships between ftsI mutations and MICs of ampicillin. PBP3 substitutions and ampicillin susceptibility are reported for 81 clinical strains of H. parainfluenzae.
2,9,10,14,17 The first part of the transpeptidase region (amino acids 266-313) is only sequenced for five strains and was omitted from analysis. PBP3 substitutions in eight strains could not be categorized due to the presence of inhibitor-resistant b-lactamases, leaving 73 strains for comparison. Fifty-seven isolates were susceptible to ampicillin (amoxicillin/clavulanic acid in case of b-lactamase-expressing strains) and encoded 47 substitutions at nine positions in PBP3 compared with HK 23 (amino acids 314-583). Sixteen isolates were resistant to ampicillin and amoxicillin/clavulanic acid and encoded 70 substitutions at 15 positions in PBP3. Thus, ampicillin-resistant Table 1 Figure S1 shows the distribution of amino acid substitutions in the transpeptidase region of PBP3 among susceptible and resistant isolates of H. parainfluenzae. A predilection for substitutions at certain positions was characteristic of resistant isolates. Replacement of Asn at position 526 was observed for almost all (14 of 16) resistant isolates, but was also detected among 6 of the 57 susceptible isolates (albeit only the Ser for Asn substitution). The two resistant strains with WT Asn-526 both contained the substitution V511A. Substitution S385T (6 of 16 isolates), I442F (3 of 16), V511A (9 of 16) and V562L/I (5 of 16) were only observed among isolates resistant to ampicillin ( Figure S1 ). We selected positions 385, 511 and 526 for introduction of single and multiple amino acid substitutions by site-directed mutagenesis. Table 2 shows the geometric means of measured MIC values obtained by Etest V R for recombinants. No single substitution conferred resistance to any of the four b-lactams, though V511A came close with an MIC of ampicillin of 1.0 mg/L and an MIC of cefuroxime in the intermediate range (1.1 mg/L). N526K and N526H surpassed the impact of N526S on the MICs of the four b-lactams. The former two substitutions cause a shift in amino acid polarity from uncharged to basic, which could be involved in the larger effect of these substitutions. V511A in combination with any of the three substitutions at position 526 conferred resistance to ampicillin. The MIC of ampicillin was not increased by substitution S385T; however, S385T doubled the MICs of extendedspectrum cephalosporins, but only in the presence of V511A. An approximate 9-fold increase in MIC of cefotaxime was observed for recombinants containing substitutions at all three positions. None of the recombinants was resistant to cephalosporins according to EUCAST interpretative criteria (Table 2 ).
In conclusion, our data showed that two substitutions in PBP3 (at positions Val-511 and Asn-526) were sufficient to confer resistance to ampicillin (MIC .1.0 mg/L), but only the recombinant carrying eight substitutions was resistant to third-generation cephalosporins (MIC .0.125 mg/L). Substitution V511A exerted a larger impact on the MIC of ampicillin than S385T and N526K/H/S combined. V511A is rare in H. influenzae. 13, 20 Differences in the three-dimensional structure of PBP3 from the two Haemophilus species might lead to dissimilar outcomes of substitutions. Further studies are required to unravel the putative differences.
We used the Etest V R for assessment of MIC. The method was reproducible and the measured MICs of ampicillin, cefotaxime and ceftriaxone for clinical strains determined by Etest V R are congruent with published data obtained by microbroth dilution. 9, 14 The EUCAST b-lactam interpretive criteria of Haemophilus spp. are close to the median MIC for the susceptible population and subtle changes in MIC might influence the proportion of strains categorized as resistant. However, the PBP3 substitutions are decisive for non-b-lactamase b-lactam resistance in H. parainfluenzae and V511A appears pivotal.
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